The main objective of this research was to study the effect of fiber content variation and stearic acid (SA) treatment on the fundamental properties of unidirectional coir fiber (CF) reinforced polypropylene (PP) composites. Several percentages of filler contents were used (10-40 wt %) in order to gain insights into the effect of filler content on the properties of the composites. Coir/PP composites were fabricated by compression molding, and the properties of composites were studied by physico-mechanical and thermal properties. The results from mechanical properties such as tensile strength (TS), tensile modulus (TM) and impact strength (IS) of the CF/PP composites were found to be increased with increasing fiber content, reached an optimum and thereafter decreased with further increase in fiber content. Treatment of the coir with SA as the coupling agent enhanced the mechanical properties, crystallization temperature and crystallinity of virgin PP and water desorption of the resulting composites, resulting from the improved adhesion between the CF and PP matrix. Scanning electron micrographs (SEM) of the tensile fractured samples showed improved adhesion between fiber and matrix upon treatment with SA. Interfacial shear strength (IFSS) of the composites was measured by single fiber fragmentation test (SFFT).
Introduction
Polymeric composites reinforced with natural fibers have become a topic of interest during the last decades [1] . According to the food and agricultural organization survey, natural fibers like seed hairs (coir, cotton, kapok), bast-fibers (flax, hemp, jute, and ramie), leaf-fibers (sisal, henequen and abaca) and wood flour (wheat husk and rice husk), etc. are abundantly available in developing countries. A lot of work has been done by many researchers on the composites based on natural fibers [2] [3] [4] . From an economic viewpoint, natural fiber reinforced polymer composites are gaining increasing popularity as they are inexpensive, lightweight, low density, and non-abrasive to processing characteristics, reduced energy consumption, lack of residues upon incineration and they are biodegradable [5] [6] [7] [8] . Additionally, they are renewable raw materials and relatively high strength and stiffness and cause no skin irritation [9] . Hence, these fibers are considered as substitutes to replace the conventional glass fiber due to eco-friendliness.
Among various natural fibers, coir fibers are widely available and relatively cheap than sisal and jute [10] . The natural fiber under consideration here is coir, which is a versatile lignocellulosic fruit fiber obtained from coconut trees (Cocus nucifera). Coir fibers are extensively used in many industrial applications such as in producing erosion control blankets, woven geo-textiles, sheets, brushes, discs, floor mat, door mats, mattresses, floor titles etc and it is gradually gaining useful application in the production of composite materials [11] . Coir consists of cellulosic fibers with hemicellulose and lignin as the bonding materials for the fibers. In natural lignocellulosic fibers, cellulose is the main component. The elementary unit of a cellulose macromolecule is anhydro-dglucose, which contains three hydroxyl groups (-OH). These hydroxyls form hydrogen intramolecular bonds as well as intermolecular bonds with hydroxyl groups from atmospheric moisture. So, all natural fibers are hydrophilic in nature and their moisture content can reach 3-13 % [12] .
The potentiality of natural fiber-based composites using coir as a reinforcing fiber in a thermosetting resin matrix has received considerable attention from scientists all over the world [13, 14] . Thermoplastic matrix composites possess many advantages compared to thermoset matrix composites. Some of them are their higher fracture toughness, unlimited shelf life, good solvent resistance, recyclability and fast, clean and automated processability [15] . The main attraction of thermoplastic composite materials lies in the possibility of achieving very short demoulding times as no chemical reaction is required. Incorporation of natural fibers into a polymer is known to cause substantial changes in mechanical properties of composites. The factors that determine the physical properties and improve mechanical strength of composites are the extent of filler loading, size and shape of the filler, and the filler-matrix interfacial adhesion [16] . Therefore, the proper selection of fillers for a particular polymer matrix is an important factor for the improvement of the filler-matrix interfacial adhesion. However, the nonpolar nature of PP makes it incompatible with natural fibers. The reason for this is due to the inherent hydrophilic nature of natural fibers do not allow them to couple strongly with the hydrophobic polymer matrix, resulting in composites with inferior mechanical properties. This problem can be alleviated by the use of coupling agent (stearic acid: SA) that are expected to enhance interfacial compatibility or adhesion between the fiber and the matrix [17, 18] . This coupling agent becomes chemically linked with the hydrophilic lignocellulosic filler on one side, while facilitating the wetting of the hydrophobic polymer chain on the other side. The most important chemical modification involves coupling methods [19] [20] [21] [22] .
The use of SA that hydrophobizes the fibers and improves their dispersion [23] is an example. Bellayer et al. [24] fabricated SA-treated CaCO 3 /LLDPE composites to study the intumescence mechanism. SA allowed a good dispersion of CaCO 3 into the LLDPE matrix, and contributed to the formation of a cohesive network during burning when the thermal stress was high. Joseph et al. [25] fabricated SAtreated coconut coir/HDPE composites to study the mechanical and thermal properties. The incorporation of SA on the filler surface improved the mechanical properties and thermal stability of the composites. To the best knowledge of the authors, no publications are currently available dealing with the morphological, mechanical properties and thermal behaviors of SA treated long-fiber reinforced unidirectional coir/PP composites. This work investigated the effects of fiber content variation and coupling agent on the morphology, mechanical and thermal properties of long-fiber reinforced unidirectional coir/PP composites.
Experimental

Materials
Coir fiber was obtained from the fibrous mesocarp between the exocarp and the endocarp (outer shell) of the coconut fruit (Cocos nucifera). The coir, used as reinforcing filler, was supplied by Fibromat (Malaysia) Sdn. Bhd. It had an average diameter of 0.25 mm and density of 1.25 g/cm 3 . The colour of the prepared fibers was yellowish-golden because of the lignin deposited on their walls (Figure 1(a) ). Granules of homopolymer polypropylene (PP) grade G452 (melt flow index of 45 g/10 min and density of 0.90 g cm ) was supplied by MTBE (Malaysia) Sdn. Bhd. Dynamo liquid detergent was obtained from FPG Oleochemicals (Kuantan, Malaysia) Sdn. Bhd. Other chemicals, namely, SA, acetone and toluene were purchased from Aldrich Chemical Co. Inc. (USA).
Methods
Preparation of Composites
The husks of coconuts were broken mechanically, and the fiber was extracted from the husk by hand. Coir pith and other undesirable materials were separated from the coir fiber. Neatly separated coir fibers were cut with a uniform length of 150 mm. The well-separated fibers were first scoured with hot detergent solution (2 %) at 70 o C for l h and washed with distilled water and finally dried in vacuum oven at 70 o C. SA was dissolved in a mixture of toluene and acetone [SA: toluene: acetone in the ratio 1:10:10 (w/w/w)]. This solution was poured in the aluminum tray containing sparsely spread coir fibers [SA: coir fiber in the ratio 1:3 (w/w)]. The tray was covered with aluminum foil and was left to stand for 2 h, after that the solvent mixture was allowed to evaporate at room temperature. SA-coated coir fiber was also oven dried for 48 h at a constant temperature of 60 o C. The coir fibers were fixed on two double face tapes glued on the extremity of a sheet of metallic frame and distant with the required fiber length (Figure 2 ). The fibers were fixed on the tape as uniform as possible and parallel to the required direction. For making PP films, granules of PP (about 6 g) was placed into two steel plates and placed into the electrically heated hydraulic press (Kao Tieh Go Tech Compression Machine). The press was operated at 180 o C. Steel plates were pressed at 7 MPa pressure for 3 min. The plates were then cooled for 3 min in a separate press under 7 MPa pressure at room temperature. The resulting PP films were cut into the desired size (150×120×0.25 mm 3 ) for composite fabrication. Both untreated and treated coir fibers were used to fabricate coir-PP unidirectional composites. Composite specimens were fabricated by stacking four layers of unidirectional aligned coir fibers between five layers of pre-weighted PP films. The metallic frame containing film-stacked coir fibers in a pre-heated molding die for consolidation by compression molding at 190 o C for 5 min under a constant pressure of 10 MPa to produce composite specimens ( Figure 1(b) ). The consolidation process usually involved different stages: (1) At first, under certain temperature, the solid matrix films became softened and the matrix in the liquid form soaked and infiltrated the reinforcing coir fibers and finally during the cooling stage, the matrix turned into solid form to hold the fibers in a definite position. (2) This step was considered to be the most important, as this decided uniform distribution of fibers in the matrix. An attempt to attain a higher pressure to fabricate coir-PP composites resulted in the rupture of coir due to excessive pressure leading to resin blow-out at both ends of the molds, and hence, composites could not be obtained at higher molding pressure. All compression molded composites were then cold pressed for 5 min. Composite samples of dimension 150×120×3 mm 3 were cut in parallel direction of alignment of the fiber.
Testing and Characterization
Mechanical Properties The tensile strength (TS) and tensile modulus (TM) of both untreated and treated composites were conducted according to ASTM-D 638-01 [26] using a Shimadzu Universal Testing Machine (Model AG-1, Japan) with an electronic load cell of 5 kN. The crosshead speed was 10 mm/min and gauge length was 20 mm. Izod impact strength of the specimens having dimensions 63.5×12.7×3 mm 3 was determined as per ASTM-D 256 using Izod impact machine (Toyo Seiki Co., Japan). Test samples were conditioned at 25 o C and 50 % relative humidity for several days before testing and all the tests were performed under the same conditions. All the results were taken as the average values of five samples.
Morphological Study
Tensile fracture surface morphology of the composites with and without SA treatment was observed in a scanning electron microscope (SEM, model JEOL JSM-5310) at 10 kV. Before SEM, the samples were coated with a thin layer (25 nm) of gold under vacuum, using a BAL-TEC SCD 050 Sputter Coater layer to avoid electrical charge accumulation.
Thermal Properties
Differential Scanning Calorimetry (DSC) Using DSC (Rigaku Thermoplus DSC-8230 analyzer, Tokyo, Japan), melting and crystallization behavior of virgin PP and composite samples were studied under nitrogen atmosphere. Samples of 5-10 mg weight were heated from 40 
Where, ∆H f is the heat of fusion of the sample, ∆H 0 f is the heat of fusion of a 100 % crystalline PP=209 J/g [27] and W is the mass fraction of PP in composites.
The Interfacial Properties of the Composites The single fiber composite samples were prepared using one single filament of fiber (coir) by compression molding. One aligned filament, kept in place with adhesive tape at the fiber tip, was stacked between two films of PP. The sandwich was then hot pressed (Kao Tieh Go Tech Compression Machine) at 180 o C for 1 min between two steel plates. The plates were cooled in a separate press using 7 MPa pressure at room temperature. The thickness of the specimen was 0.40 mm. The single fiber composite samples (25×5×0.40 mm) were loaded on the Shimadzu Universal Testing Machine (Model AG-1, Japan) to bring out the repeated breakage of the fiber. A crosshead speed of 0.25 mm/min and the gauge length of 25 mm were used. The experiment was monitored by a microscope attached to a monitor. Fiber fragment length at the saturation point was the key measurement for this experiment. To reach the saturation level, the number of fragments over the 25 mm gauge length at each load level (using 2N increments) was counted. The critical length (l c ) was then measured using the following formula:
Where, l f is the average fragment length; l f was calculated as the monitored length (25 mm) divided by the number of breaks observed within that length of the experimental fragment length distribution. To find out the critical length, the number of fragments was counted. Fiber tensile properties were obtained by tensile testing filaments using the international standard BS ISO 11566. A single fiber was mounted on a paper frame with a gauge length of 25 mm. The fiber was fastened to the frame with epoxy adhesive. Once prepared the sample was gripped in the tensile machine. Before starting the test the paper sections were cut. A crosshead speed of 1 mm/min was used. The IFSS of the composites was calculated from both the Kelly-Tyson and Drzal equations. Based on the force balance on a micro-mechanical model, Kelly and Tyson [28] showed that IFSS, is given by
Where, d is the fiber diameter, σ f is the single fiber TS at the critical fragment length l c . Drzal et al. [29] altered the above equation to reflect Weibull statistics to form
Where, α and β are the scale and shape parameters in the Weibull distribution for the aspect ration and Γ is the Gamma function. Fiber strength can be calculated from the extrapolation gauge length using Weibull chart [30] . The fiber strength at the critical fragment length is
Where, σ fo is the fibre strength at gauge length l o and ρ is the shape parameter of the Weibull distribution for the fiber TS.
Water Absorption Untreated and treated CF/PP composite samples (30×10× 3 mm 3 ) were used for the water absorption (WA). The samples were air-dried at 80 o C until a constant weight was reached prior to the immersion in distilled water at 25 o C and periodically taken out of water. The surface water on the samples was wiped with a tissue paper and then specimens were weighed. The WA was determined according to the following expression:
Where W 2 is the mass of the sample after immersion (g) and W 1 is the mass of the sample before immersion (g).
Results and Discussion
Mechanical Properties of the Composites Significant effect of coir fiber content (wt %) on the mechanical properties (tensile strength, tensile modulus and impact strength) of the composites was measured. The fiber content was varied from 10 to 40 wt %. The effect of coir fiber content and a compatibilizer on the mechanical properties of CF/PP and CF/PP/SA composites is represented in Table 1 . Figure 3 shows the relationship between the tensile strength and the CF content with and without stearic acid (SA) treatment. The tensile strength of virgin PP was 28.3 MPa. As the loading level of the CF increased from 10 to 30 wt %, the tensile strength of the CF/PP composites increased considerably. From Figure 3 and Table 1 , it was found that tensile strength increased with an increase in fiber content up to 30 %; however, for 40 % fiber loaded composites the tensile strength decreased in comparison to 30 % fiber content. It was also observed that with the incorporation of 10 % fiber, the tensile strength of the composites was slightly decreased. This decreased in tensile strength might be due to poor wetting, which leads to a weak interface. Hence at lower tensile stress, a weak interface might form cracks, leading to easy failure. Similar results were also reported earlier for pineapple leaf fiber polyester composites [31] . However, addition of 30 % fiber increased the tensile strength of the composite by about 31.4 % over the virgin PP. The higher tensile strength values at higher fiber content (i.e. 20 and 30 %) might be due to adequate fiber content in composites, which leads to greater wetting. At still higher fiber content (i.e. at 40 % loading), more fiber ends create cracks at the fiber ends, which lead to easy composite failure. The tensile strength of the composite with 40 % fiber content was found to be greater than those of virgin PP and composites with 10 % and 20 % fiber content but less than composite with 30 % fiber content. This indicates that the fiber-matrix interface in the 40 % loaded composite was quite strong. From the above observations it was concluded that under the present experimental conditions, composites with 30 % fiber content reached optimum mechanical properties.
At the loading level of 10 wt % CF, the tensile strength of the CF10/PP90 composite treated with SA was 1.4 % higher than that of the CF10/PP90 composite. At the loading levels of 20, 30 and 40 wt % CF, the tensile strength of the CF/PP composites treated with SA was significantly improved (13.7, 16.9 and 12.4 % higher than that of the CF20/PP80, CF30/ PP70 and CF40/PP60 composites). With the incorporation of SA, the SA interacted with the hydrophilic coir through its carboxylic group, imparted some extend of hydrophobicity to the coir surface, thus compatibilizing the coir with hydrophobic PP. SA in acid form can suitably interact with the fiber surface through acid-base interactions. The improved interaction and adhesion between the fibers and matrix, either through covalent bonding or acid-base interaction (such as H-bonding), or a combination of both, leads to better matrix to fiber stress transfer. SA offers potential covalent bonding between the carboxylic group and hydroxyl groups of the coir fiber along with chain entanglement between SA and PP chains, creating a good stress transfer at the interface.
As shown in Figure 4 , the tensile modulus of virgin PP was 872.2 MPa. The tensile modulus of untreated CF10/ PP90 composite was 4.3 % lower than virgin PP. As the CF loading level increased to 20, 30 and 40 wt %, the tensile modulus significantly improved (13.2, 26.9, and 25.5 % higher than that of virgin PP). The increase of the tensile modulus may be highly related to the increase of stiffness of the composites by virtue of CF content. At the loading level of 10 wt % CF, the tensile modulus of the CF10/PP90 composite treated with SA was 0.78 % lower than that of the CF10/PP90 composite. At the loading levels of 20, 30 and 40 wt % CF, the tensile modulus of the CF/PP composites treated with SA was 14.7, 33.5, and 23.85 % higher, compared to that of the CF20/PP80, CF30/PP70 and CF40/PP60 composites. Figure 5 depicts the impact strength of composites fabricated from untreated and SA treated fibers. Impact strength values of composites increased drastically as fiber was incorporated in the matrix. Even at 10 % loading, the impact strength increased from 6.2 kJ/m 2 (virgin PP) to 7.8 kJ/m 2 . This increased in impact strength was due to toughness of the coir fibers. The regular increase of impact strength up to 30 % fiber content to a value as high as 10.4 kJ/m 2 was due to increase in the fiber content in the composite. There was a decreased in impact strength from 10.4 kJ/m 2 to 9.8 kJ/m 2 when the fiber content was increased from 30 to 40 %. This decreased in impact strength might be due to poor wetting at such fiber content. With the incorporation of SA, a further increased in impact strength for all samples when compared with the unidirectional composites without SA at 10, 20, and 30 % fiber content was observed. It was found that the highest impact strength of unidirectional CF/PP composites increased by 47 % due to SA coating treatment on the fiber surface, when compared to CF30/PP70 composite.
Morphology of the Fractured Surface
Scanning electron micrographs (SEM) of the tensile fractured surfaces of untreated and SA-treated coir/PP composites prepared with 30 wt % coir are shown in Figure 6 . Fiber pullout is observed in all cases, but the fiber length of the pulled fibers is longer, the fracture surfaces are rougher and the free space between the fibers and the resin is bigger in the PP composites containing no compatibilizer (Figure 6(a) ) than in PP compatibilized composites (Figure 6(b) ). Figure  6 (a) also shows quite a number of holes on the fracture surface, which clearly indicates that one of the modes of failure proceeds through fiber pullout. This also shows that the fibers were scraped off, leaving a rather smooth surface on the matrix. These features suggest fiber-fiber interaction as well as weak interfacial bonding between the hydrophilic filler and the hydrophobic matrix. On the other hand, SA treated coir/PP composites show almost uniform distribution of the filler into the matrix, a reduction in fiber pull-out, fiber fracture with matrix adherence to fiber surfaces, which results in better interfacial adhesion between the filler and the matrix with improved mechanical properties. With the coating of SA on the coir surface, it is expected that the carboxylic group of SA would react with the hydroxyl groups on the cellulosic fiber surfaces via hydrogen bonding exposing PP to interact favorably with PP matrix material, and thereby, producing stronger interface, and consequently strengthening the composites.
Differential Scanning Calorimetry (DSC)
The DSC heating and cooling thermograms of virgin PP and CF/PP composites with and without SA are shown in Figure 7 . The crystallization temperature (T c ), cold crystallization enthalpy (∆H c ), melting temperature (T m ) and melting enthalpy (∆H m ) for the PP phase in the composites are determined from the DSC thermograms are also summarized in Table 2 . It can be seen from Table 2 [32] .
From the Table 2 , it is observed that in the case of CF/PP without SA, the degree of crystallinity of PP matrix increases as the fibers act as the nucleating sites for PP sperulites which in turn accelerate the crystallization rate and enhance the degree of crystallinity [33] . However, with the inclusion of SA, the X c values CF/PP is lowered which can be attributed to the enhanced interaction between the fiber and SA which hindered the crystallization phase of PP and reduced the degree of crystallization when compared with the composite samples without SA. SA being a fatty acid with very high boiling point (≅383 o C) might have served as protective layer to the coir and raised their degradation temperature. Figure 8 shows the effect of the coir fiber on the percentage of water absorption (WA) behavior of untreated and stearic acid (SA) treated CF/PP composites. The immersion time and loading level of the CF are significant factors, which affects the WA of the composites. Results showed that increasing CF content and increasing water contact time Figure 6 . SEM photomicrographs of (a) untreated and (b) SAtreat. Table 2 . Thermal parameters from DSC studies for PP and CF/PP composites greatly increased WA, as it can be seen in Figure 8 . Natural fibers are highly hydrophilic due to hydroxyl group of polysaccharides found in cellulose, which are able to form hydrogen bonds between water and the CF. As filler content increased, the number of free -OH groups on the lignocellulosic fibers increased. Free -OH groups come in contact with water through hydrogen bonding, which results in WA and weight gain in the composites. The increasing amount of voids between CF and the PP matrix also allows more WA. Similar findings have been reported by other researchers [34] [35] [36] . The composite containing 40 wt % CF showed the expected behavior of higher level of WA attained by the composite with the highest concentration of the hydrophilic filler. It was verified that the WA of the CF40/PP60 composite was 24.4 % higher than that of the CF30/PP70 composite after 24 h of exposition to water. The addition of the coupling agent SA decreased WA, as it was expected. At similar filler loading, it can be seen that the composites with SA treated filler showed a lower WA when compared to the composites with untreated filler. A decrease of more than 32 % in WA was verified for composite containing 40 % CF after 24 h of water exposition. As the superficial treatment decreased the number of -OH groups, the WA was reduced in the treated samples. In other words, the reduction in -OH groups of cellulose reduced the hydrophilic character of the fibers. The results clearly show that surface modification of coir by SA has a considerable positive effect on the WA of the composites.
Water Absorption
Samples T c ( o C) -∆H c (J/g) T m ( o C) ∆H m (J/g) X c (%) Virgin
Interfacial Properties of the Composite
Single coir fiber reinforced PP matrix composites were prepared by compression molding. A fragmentation test was performed using universal testing machine and the number of fragments were counted by microscope operator at transmission mode. The results are given in Table 3 . The PP matrix is quite transparent which make easy the counting of the number of fiber fragments in the single fiber composite specimen. Figure 9 shows the fragments of the fiber inside the CF/PP composite sample. The total number of fragments was reached to 8 and the critical length was found to be 4266 mm, calculated according to the equation mentioned in the experimental section. Tensile strength of the fiber at the critical length was measured from the Weibull weakest chart role [30] and it was found to be 457 MPa. The diameter of the single fibers used in this experiment was varied from 39±11. The IFSS was found to be 2.09 MPa for coir/PP system. From this investigation, it revealed that the composite has sufficient IFSS.
Conclusion
Investigation of the effect of coir fiber content and a compatibilizer on the properties of unidirectional CF/PP composites showed that coir fiber content has a positive effect on tensile strength, tensile modulus and impact strength. The maximum improvement in the properties was observed at 30 wt % of fiber loading. Addition of CF, at all levels, resulted in more rigid and tenacious composite. Furthermore, the composites with SA exhibited higher properties when compared with the composites without SA. SEM micrographs of the fracture surface of the tensile specimen indicated that the addition between fiber and matrix could be improved after surface treatment of coir fiber with coupling agent. Thermal analysis also confirms the enhancement in melting point, crystallization temperature, and crystallinity of virgin Figure 9 . Fiber fragments in the single fiber composite sample.
PP by the incorporation of coir fibers. Water absorption behavior of treated composite showed a significantly lower trend relative to untreated composite. Coir fibers can be successfully used as reinforcement in polymer, with the aid of compatibilizer, mechanical and thermal properties and environmental aspects.
